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ABSTRACT

In recent years, improving of power factor and re-
ducing harmonic distortion in electrical instruments
are needed. In general, a current conduction mode
boost converter is used for active PFC (Power Fac-
tor Correction). In a PFC boost converter, if a
duty ratio, a load resistance and an input voltage
are changed, the dynamic characteristics are varied
greatly. This is the prime reason of difficulty of
controlling the interleaved PFC boost converter. In
this paper, a robust digital controller for suppress-
ing the change of step response characteristics and
variation of output voltage at a DC-DC buck con-
verter load sudden change with high power factor and
low harmonic is proposed. Experimental studies us-
ing a micro-processor for controller demonstrate that
the proposed digital controller is effective to improve
power factor and to suppress output voltage varia-
tion.

Keywords: Power Factor Correction (PFC), Boost
Converter, Approximate 2DOF, Digital Robust Con-
trol, Micro-processor

1. INTRODUCTION

In recent years, improving of power factor and
reducing harmonic of power supply using nonlinear
electrical instruments are needed. A passive filter
and an active filter in AC lines are used for improv-
ing of the power factor and reducing the harmonic
[1-2]. Generally a current conduction mode boost
converter is used for an active PFC (Power Factor
Correction) in electrical instruments. Especially, an
interleave PFC boost converter is used in order to
make a size compact, make an efficiency high and
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make noise low. In the interleave PFC boost con-
verter, if a duty ratio, a load resistance and an input
voltage are changed, the dynamic characteristics are
varied greatly, that is, the interleave PFC converter
has nonlinear characteristics. In many applications of
the interleave PFC converters, loads cannot be spec-
ified in advance, i.e., their amplitudes are suddenly
changed from the zero to the maximum rating. This
is the prime reason of difficulty of controlling the in-
terleave PFC boost converter.

Usually, a conventional PI, an analog IC controller,
a gainscheduled controller designed to the approxi-
mated linear controlled object at one operating point
is used for the PFC converter [3-6]. In the nonlin-
ear interleaved PFC boost converter system, those
controller are not enough for attaining good perfor-
mance [7-9]. In this paper, the robust controller for
suppressing the change of step response characteris-
tics and variation of output voltage at a DC-DC buck
converter load sudden change with high power fac-
tor and low harmonic is proposed. An approximate
2-degree-of-freedom (A2DOF) method [10-11] is ap-
plied to the interleave PFC boost converter with a
DC-DC buck converter load. The PFC converter is a
nonlinear system and the models are changed at each
operation point. The design and combining methods
of two A2DOF controllers which can cope with non-
linear system or changing of the models with one con-
troller is proposed. The DC-DC buck converter load
is also controlled using A2DOF [10]. These three con-
trollers are actually implemented on one micro pro-
cessor and is connected to the PFC converter and
the load. Experimental studies demonstrate that the
digital controllers designed by the proposed method
is effective to improve power factor and to suppress
output voltage variation.

2. INTERLEAVED PFC BOOST CONVERTER

WITH DC-DC CONVERTER LOAD

The interleaved PFC boost converter with DC-DC
converter load shown in Fig. 1 is manufactured.

In Fig.l, v;, is an input AC voltage, v, is
an absolute value of the input AC voltage, i;, is
an input AC current, Cj, is a smoothing capac-
itor, V; is a rectifying and smoothing input volt-
age, and v, is an output voltage of PFC. @; and
Q2 are MOSFETs or IGBTs, Ly and Lo are inter-
leave boost inductances, D; and Dy are interleave
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Fig.1: Interleaved PFC boost converter with DC-DC
converter load.

boost diodes and 4; is the sum of inductor cur-
rent, Cp is an output capacitor. DC-DC converter
is a load of the PFC boost converter, Ry, is an out-
put load resistance of the DC-DC converter. Here
Vm=100[VAc], Vi=14O[VDc], Vo = 385[VD0], L1=
Lo=350[uH], v, =26[Vpc], N1:N2=10:1Cy=940[uF],
the switching frequency fs,=50[kHz]. the sampling
frequency f;=100[kHz].

The inductor current 77, is controlled to follow the
rectified input voltage v, for improved power factor,
reduced harmonic and stable the output voltage. Us-
ing the state-space averaging method, the state equa-
tion of the interleaved boost converter becomes as
follows [12]:

Ry 1
d [ig Lo Lo i Vi
alel=| P % B
Co RrpcCo
1 0
S0 | Lo | +ic| 0 | pp
0 Cy

Here p is duty ratio and Rpp¢ is DC-DC converter
load to PFC boost converter. When controlling the
current of the sum of each phase, Ry is RiRy/(R1 +
Rs) and Lg is L1Lo/(L1 + Lo). The boost converter
has non-linear characteristics because this equation
has the product of state variable v,, i, and duty ratio
-
A. Static characteristics of boost converter

At some operating point of eq. (1), let v,, ir, and
u, be Vg, Iy and ug, respectively. Then the average
of output voltage V; and inductor current I at the
operating points becomes as follows:

1 1

(1_Ms)2RL
PR S
RLl_Ms

The actual measurement results of the static char-
acteristics of us to Vi are shown in Fig.2. In Fig.2,
it turns out that the boost converter is a non-linear
system. The static characteristic of the boost con-
verter is changed greatly with load resistances, and
it influences the dynamic characteristics of converter.
In addition, the static characteristics will be changed
with input voltage variation.

B. Dynamic characteristics of boost converter

The linear approximate state equation of the boost
converter using small perturbations Ai;, = i, — I,
Av, = v, — Vi and Ap = p — g is as follows:

() = Acx(t) + Beu(t)

where
LI ey Vs
L L _ L
Ac 1— /945 B 10 ’ Bc - ?s
Co RrpcCo Co

oto)=| ity | utr=snto.=| 1] o= ]

From this equation, matrix Az and B¢ of the
boost conv erter depends on duty ratio ps. Therefore,
the converter response will be changed depending on
the operating point and other parameter variations.
The changes of the load Rrpc, the duty ratio us, the
output voltage Vs and the inductor current I in the
controlled object are considered as parameter changes
in eq. (3). Such parameter changes can be replaced
with the equivalent disturbances inputted to the in-
put and the output of the controlled object. There-
fore, what is necessary is just to constitute the control
systems whose pulse transfer functions from equiva-
lent disturbances to the output y become as small as
possible in their amplitudes, in order to robustize or
suppress the influence of these parameter changes.

3. DIJITAL ROBUST CURRENT CON-
TROLLER

A. Discretization of controlled object
The continuous system of eq. (3) is transformed
into the discrete system as follows:
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x(k+1) = Age(k) + Bau(k) 4
y(k) = Caa(k) @

where

Ag=[e*"] ,By= ,Ca = C.

T
/ eAe" B.dr
0

Here, in order to compensate the delay time by A/D
conversion time and micro-processor operation time
etc., one delay (state &1) is introduced to input of the
controlled object. Then the state-space equation is
described as follows:

zar(k +1) = Agza (k) + Bav(k)

5
y(k) = Carzar(k) 5)
where

ATy oAc(Ti—La) (La At 011 012 13
Adt:|:€ 0 € f8 € Bch}: ag1 Q22 Q23
0O 0 O

Ba| 7 B || [ e

dt— 1 - il dt - gl(k_)

cae=[Ce 0]=[1 0 0]
B. Design method for A2DOF digital current con-
troller

The transfer function from the reference input r;’
to the output y; is specified as follows:

(1+H,) (14 Hy) (1+ Hs)

z—=mny (2 —n
(1 — TLM) 1 — Nog;

W (z)=

Yl

Here H;, i = 1,...,3 are the specified arbitrary pa-
rameters, ny; and no; are the zeros of the discrete-
time controlled object. This target characteristic
Wiiyi is realizable by constituting the model match-
ing system shown in Fig. 3 using the following state
feedback to the controlled object (5).

v=—Fxg — G} (7)

Here F = [f1faf3] and Gi are selected suitably. In
Fig. 3 ¢, and gq,; are the equivalent disturbances with
which the parameter changes of the controlled object
are replaced.

| vk D=A g (R)+ B v (k)
) J ( k): C.'irt:-'r( k

<1 AV,

Fig.3: Model matching system using state feedback.

It shall be specified that the relation of H; and Hj
become |Hi| > |H3| and nq; = Hy. Then W,,; can
be approximated to the following first-order discrete-
time model:

1+ H,;
Wrﬁ;yi('z) ~ Wii(z) = <+ H

(8)

The transfer function W, (2) between the equivalent
disturbance Q; = [¢,qyi]” to y; of the system in Fig.
3 is defined as

Way: (2) = [Wa,u W) (9)

#Q
ey T 4(2). T o,(2) v

H’.’m:_l (:)

Fig.4: System reconstituted with inverse system and
filter.
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The system added the inverse system and the filter
to the system of Fig. 3 is constituted as shown in Fig.
4

In Fig. 4, the transfer function K;(z) is as follows:

kzi

Ki(z) = ————

(10)

The transfer functions between r; — y;, ¢, — y; and
qyi — Y; of the system in Fig. 4 are given by

].7H1 Z*].*I»Ifm

i — Wsi i 11
ey -y wry e LGSO (11)
_Z—l—i—k‘zi z—14+k,;

P = ) (12
vi z—1+k, z— 1+/€ziWsi(Z) WQyz(z)Ql( )

where

(1 + Hg) Z—MNi;

Wsi(z) = ———=

Here, if Wy;(2z) = 1, then eq. (11) and eq. (12) are
approximated, respectively as follows:

1+ H

YT (13)
o~ Wou(2)Q (14)
Yi Z_1+kz7, QuilZ 7

From eq. (13), (14), it turns out that the character-
istics from 7 to y can be specified with H; and the
characteristics from @; to y; can be independently
specified with k,;. That is, the system in Fig. 4
is an A2DOF system, and its sensitivity against dis-
turbances becomes lower with the increase of k,;. If
equivalent conversion of the controller in Fig.4, we
obtain Fig. 5. Then, substituting the system of Fig.
3 to Fig. 5, A2DOF digital integral type control sys-
tem will be obtained as shown in Fig. 6. In Fig. 6,
the parameters of the controller are as follows:

Gk.;
k = — — kj = —
1 fl 1+H17 2 f2

k3 = 7f3 kn = Gikzia kri = Qz

(15)

4. DIGITAL ROBUST VOLTAGE CON-
TROLLER

A. Addition of u, and vge to r;

Add the multiplier in front of the reference input
r; of the current control system. Let the inputs of the
multiplier be v,. and uv as shown in Fig. 7. In Fig.
7, vqe 1s the absolute value of the input voltage v;,
and uv is a new input. This addition is for making
the inductor current iy, follow the AC voltage vge.

lQ
nl+ k, . N Y
- _ . * - I:Ey(:): Hg(:) *
21
4+H,
Fig.5: FEquivalent conversion of the robust digital
controller.
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Fig.6: Approximate 2DOF digital integral type cur-
rent control system.
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Fig.7: Current control system added multiplier.

B. Approximate controlled object for voltage contoller
The system of Fig. 7 becomes a controlled object for
a voltage controller. Derive an approximated con-
trolled object from this system for designing the volt-
age controller. In Fig. 7, w, is a control input, and
Vo = Yy is an output of the controlled object. When
uv is set to u, = G,rl, the transfer function from r,
to v, is as follows:

(1+ Hz) (1+ Hy) (14 p1i) (14 p2i)

(z —&-(Hg) (z+ Hy) (2 +p1i) (24 pai)
Z — Niw Z — Ny 2 ’
=W,
(1 _ nh)> (1 _ HQU)TU yuTv

o —

(16)

where
a23 ba1
G = 1 a21+Gu’i+Gui o 1
Y G 1+ ag M (I — Agr) 1B



Robust Digital Control for Interleaved PFC Boost Converter Using Approximate 2DOF 191

Guv 18 DC gain between u, to v,. niy, No, are zeros
of the transfer function from u, to v,.

In eq. (16) |Hs| > (|Hil, |p1il, |p2il), so the con-
trolled object W,,, for the voltage controller is ap-
proximated as

1+ H,
7Z+H2

Wiy, (2) = Wino(2) (17)

C. Design method of A2DOF wvoltage controller
The inverse system W,,,, "' (z) and the filter K,(2)

are added to the system of eq. (15) like Fig. 4. Here
K,(z) is as follows:

kv
Ky(2) = —F——F— 18
e (18)
In Flg 47 Tis Yis Qi7 Qv Qyi, Kia WTyi7 W72117 and WQyz

are replaced with Tvy Yv, Qua Qvs Qyv; Kva Wryvv Wniul;v
and Wgyy, respectively. Then the transfer functions
between 7, — Yu, v — Yo and gyy — Yo of the system

like Fig. 4 are given by

1+ H,
v R v 19
WA T (19)
z—1
v Vo (2)Qu (20)

The A2DOF digital integral type control system will
be obtained from the equivalent conversion of the con-
troller like Fig. 4 as shown in Fig. 8. All specifica-
tions will be satisfied with only one controller of Fig.
7.

1 | (kDA (0B (R
Fato-Conlly -

[ é}-—‘_@
('F:"

Fig.8: Approzimate 2DOF digital integral type con-
trol System including the current controller and the
voltage controller.

In Fig. 8, the parameters of the voltage controller are
as follows:

Gvkzv
1+ Hy'

kiv = Gvk2v7 krv = Gv

by = (21)

5. EXPERMENTAL STUDIES

All experimental setup system is shown in Fig. 8.
A microcontroller (RX62T) from Renesas Electronics
is used for the digital controller. Three digital con-
trollers for the current, voltage and DC-DC buck con-
verter load were implemented on 1 Micro Controller.

Fig.9: Fxperimental setup system.

The A2DOF controllers for the interleaved PFC
boost converter are designed at Operating Point
shown in Fig.2. The design parameters of the A2DOF
current control system have been determined as

Hy = —0.45 Hy = ny; = —0.9999 Hs = —0.2291
kui = 0.4 kup = 0.1 (22)

Then the controller parameters become as

k1 =—70.41 ky=0.6946 k3= —16.17 k;; =11.94
keri =4.776 ky =—36.83 ki, =0.0051 k., =0.0005
(23)

From these parameters the gain and phase character-
istics of the current control system is shown in Fig.
10. The control bandwidth about 5kHz is attained.
The gain and phase diagram of the voltage control
system is shown in Fig. 11. The control bandwidth
about 10Hz is attained.

The experiment result of the steady state using
the proposed controller is shown in Fig. 12. The in-
put current waveform and the phase are almost same
as the input voltage, and the power factor (PF) at
full load is 0.99. The experiment result of the steady
state using the conventional analog IC controller is
shown in Fig. 13, and the power factor (PF) at full
load is 0.97 because the input current waveform is dis-
torted more than the one in Fig. 10 near at the zero
cross point. That is, the proposed controller makes
harmonic reduce. The experiment result of load sud-
den change using the proposed controller is shown in
Fig. 14. The output voltage variation in sudden load
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Fig.11: The gain and phase characteristics of the
voltage control system.

change is less than 6[V](1.56[%)] of vo). And the ex-
periment result of load sudden change using the con-
ventional analog IC controller is shown in Fig. 15.
The output voltage variation in sudden load change
is less than 10[V](2.60[%] of vo). It turns out that the
output voltage regulation of the proposed contorller
is better than the conventional analog IC controller.
As a result, it turns out that proposed method is ef-
fective practically.

6. CONCLUSION

In this paper, the concept of the digital controller
which attains good robustness for the interleaved
PFC boost converter with DC-DC converter load was
given. The proposed digital controller was imple-
mented on the microprocessor. The PFC boost con-
verter built-in this microprocessor was manufactured.
It was shown from experiments that the digital con-
troller which combined two A2DOF can suppress the
variations of the step responses at load change and

Fig.12:  Ezxperimental result using the proposed
A2DOF current controller and wvoltage controller,
PF=0.99.

Fig.13: FExperimental result using the conventional
analog IC controller, PF=0.97.

time 200ms/div

Fig.14: 14 FExperimental results of sudden load
change from RL=10[Q] to 5[] and reverse using the
proposed A2DOF controller.

00V

Fig.15: FExperimental results of sudden load change
from RL=10[Q] to 5[] and reverse using the conven-
tional IC controller.
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the output voltage variations at sudden load changes
while attaining the high power factor and the low
harmonic. This fact demonstrates the usefulness and
practicality of our proposed method. A future subject
is checking experimentally the change of the output
voltage when the input voltage is changed.
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